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We have measured the rate constants for the reactions of Ar1 with CO2 and SO2 from 300 to
1500 K in a high temperature flowing afterglow. For the reaction with CO2, we have found that
all modes of energy, i.e., translation, rotation, and vibration, affect the rate constant to the same
degree up to a total energy of 0.4 eV. Above 0.4 eV total energy, internal energy decreases the
rate constants more effectively than does translational energy. For the reaction of Ar1 with
SO2, the rate constants go through a minimum at about 900 K. By comparing our results to drift
tube data, we derive rate constants for reaction from the v 5 0 and v . 0 vibrational levels.
At low energy, the vibrationally excited SO2 molecules react with Ar
1 approximately twice as
fast as the ground state molecules. Both vibrational modes have similar temperature depen-
dences. (J Am Soc Mass Spectrom 1999, 10, 815–820) © 1999 American Society for Mass
Spectrometry
Reactions of Ar
1 ions have been studied thor-
oughly since the early days of ion–molecule
research [1]. The interest in the Ar1 reactions
stems partially from the fact that argon is a common
buffer for lasers as well as for flow tubes [2, 3]. The
interest in reactions of Ar1 is also for fundamental
reasons. Ar1 has a very high ionization potential, and it
is therefore exothermic to charge transfer with almost
all compounds. In spite of this fact, the reactions of Ar1
are often slow, especially with small molecules [1].
Because Ar1 is a monatomic ion, it is possible to isolate
the effects of the internal excitation of the neutral
reactant by studying reactivity both as a function of
temperature and as a function of kinetic energy in a
drift tube [4]. We have done this in our laboratory for
several reactions of Ar1 including the charge transfer
reactions of Ar1 ions with N2 [5], O2 [6], and CO [6].
The charge transfer reactions of Ar1 with CO2 and
SO2 shown in eqs 1 and 2:
Ar1~2P3/2! 1 CO23 CO2
1 1 Ar 1 1.98 eV (1)
Ar1~2P3/2! 1 SO23 SO2
1 1 Ar 1 3.41 eV (2a)
3 SO1 1 O 1 Ar 2 0.25 eV
(2b)
have been studied in a wide variety of apparatuses
[7–17]. The techniques include flow tubes, ion cyclotron
resonance mass spectrometry, photoionization, and mo-
lecular beams. Room temperature rate constants for
reaction 1 have been measured in many laboratories
and are in good agreement. The rate constants vary
between 4.2 3 10210 and 7.1 3 10210 cm3 s21, approxi-
mately half the Langevin rate. The energy dependence
of the rate constants has also been measured in several
laboratories [9, 12, 15]. The rate constants decrease with
increasing energy, even though there is disagreement as
to the magnitude of the decrease. We will discuss this
further in later sections of the article.
We can only find two previous measurements of the
room temperature rate constant for reaction 2. Dotan et
al. [17] find a value of 4.8 3 10210 cm3 s21 in a flow drift
tube and Shul et al. [16] find a value of 5.4 3 10210 cm3
s21 in a selected ion flow tube. The average is about 1/3
of the collision rate. The flow drift tube study of Dotan
et al. [15] demonstrates a strong dependence of the rate
constants on kinetic energy. The rate constants decrease
from thermal energy with a minimum at 0.3 eV before
increasing at higher energies. At thermal energies, the
only observed channel is the charge transfer reaction 2a.
As the kinetic energy increases, the dissociative charge
transfer channel 2b to produce SO1 has been observed.
SO1 formation becomes the major channel above 0.35
eV.
A few years ago, we constructed a flowing afterglow
apparatus to study ion–molecule reactions at tempera-
tures from 300 to 1800 K [18]. In this article, we report
rate constants for reactions 1 and 2 from room temper-
ature up to 1500 K. The data analysis includes a
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derivation of the effects of translational, rotational, and
vibrational energies on the rate constants.
Experimental
The measurements have been carried out in a high
temperature flowing afterglow (HTFA) apparatus,
which has been described in detail elsewhere [18]. Only
a brief description is given here. Helium buffer gas
passes over a thoriated iridium filament which gener-
ates He1 ions and metastable He(2 3S) atoms by elec-
tron impact. Ar gas introduced downstream of the
filament generates Ar1 via reactions with the helium
species. The helium buffer transports the ions from the
cooled section of the ceramic flow tube into a region
heated by a commercial furnace. After the gases have
reached the equilibrium temperature [19], the reactant
gas is added. The bulk of the gas is pumped by a Roots
blower and a small fraction is sampled; the ions are
analyzed by a quadrupole mass filter and detected by
an electron multiplier. The rate constant is derived from
the decay of the primary ion signal as a function of the
reactant neutral gas concentration, the flow tube tem-
perature and the previously measured reaction time.
Ar1 ions generated by Penning ionization of Ar gas
via reaction with the excited helium atoms produces
Ar1 ions in both the ground 2P3/2 and excited
2P1/2
spin–orbit states. However, superelastic collisions with
electrons in the plasma quench the excited state ions to
produce a thermal distribution of states. Consequently,
the empirical rate constants represent the reactions of
Ar1(2P3/2) with CO2 and SO2 except at the highest
temperatures, where thermal population of the excited
state may slightly influence the results.
The gas samples have been treated in the following
manner. The helium buffer gas passes through a liquid
nitrogen cooled molecular sieve trap to remove water
vapor. The Ar, SO2, and CO2 gases are 99.999% pure
and used without further purification.
Results and Discussion
Ar1 1 CO2
The rate constants for the charge transfer reaction
between Ar1 and CO2 have been measured as a func-
tion of temperature between 300 and 1500 K. The
current results, labeled HTFA, are shown in Figure 1.
We measured the reaction in two separate experiments:
one with a ceramic flow tube and the other with a
quartz tube. There is no discernible difference between
the two sets of data. The rate constants are approxi-
mately independent of temperature from 300 to 700 K,
with a value of 5 3 10210 cm3 s21. Above 700 K, the rate
constants decrease approximately as T21.
For comparison, we have also plotted NOAA’s data
measured in a flow drift tube (FDT) apparatus [12]. The
drift tube data, labeled NOAA (KE), has been measured
as a function of kinetic energy and converted to an
effective temperature by the equation, KE 5 3/2 kTeff.
The drift tube data agree almost perfectly with the
temperature data up to 700 K. Above 700 K, the HTFA
rate constants decrease faster than the FDT rate con-
stants. The FDT data decrease approximately as T20.25.
Two other measurements of the rate of reaction 1 as
a function of energy have been made in the low energy
range. Thomas et al. [9] also made measurements in a
drift tube. Their data show that the rate constants
increase from thermal energy up to about 0.1 eV center
of mass kinetic energy, reaching a value higher than the
collision rate. This consideration makes the measure-
ments suspect. Above 0.1 eV, the rate constants were
found to decrease slowly with increasing energy, in
qualitative agreement with the data shown in Figure 1.
We have no explanation for the disagreement between
this data and the FDT and HTFA data. Flesch and Ng
[15] have studied reaction 1 in a triple-quadrupole
double-octopole photoionization apparatus. In the en-
ergy region that overlaps with the present range and
the NOAA range, their data are higher than both the
present results and the NOAA data. They attribute the
difference to the fact that the flow tube experiment uses
a mixture of Ar1(2P3/2) and Ar
1(2P1/2) ions, whereas
they use ground state Ar1. As elaborated upon in the
Experimental section, this assertion about the flow tube
experiment is not true. We believe that the difference is
due to an unsatisfactorily defined energy distribution in
their experiment. This assumption is supported by the
fact that at above 2 eV center of mass kinetic energy,
there is good agreement between the two sets of data,
whereas near room temperature they differ by as much
as a factor of 2. Such errors are not uncommon when
comparing low energy beam data to flow tube experi-
ments [20].
Taking into account the aforementioned arguments
Figure 1. Rate constants for the reaction of Ar1 with CO2 as a
function of temperature. The NOAA (KE) data are taken from the
flow drift tube measurements of Dotan and Lindinger [12] and are
converted to an effective temperature Teff by KE 5 3/2kTeff.
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and the good agreement between the HTFA and FDT
data in the low energy range, we believe that the FDT
data best represent the kinetic energy dependence for
comparison to the HTFA data. In addition, we have
found excellent agreement with flow drift tube and drift
tube data for a number of other reactions [6, 21–23].
Therefore, by comparing the HTFA data to the FDT
data, we can deduce the role of internal energy in
controlling the reaction.
In order to understand the difference between the
temperature and kinetic energy data, we replot the rate
constants as a function of total energy in Figure 2. For
the HTFA data, it is the sum of the average transla-
tional, vibrational, and rotational energy at each tem-
perature, whereas for the FDT data, it is the sum of the
variable translational energy with a constant rotational
and vibrational energy representative of 300 K distribu-
tions. As can be seen, the two sets of data agree over a
broad energy range, to about 0.4 eV total energy. Above
this energy, the HTFA rate constants are slower than
those measured in the FDT. At 1500 K, the difference is
about 35%. We conclude that the translational, vibra-
tional, and rotational energies have similar effects on
the rate constants below 0.4 eV total energy. Above this
energy, it appears that internal energy decreases the
rate constant faster than does translational energy be-
cause the HTFA data show lower rate constants than
the FDT data.
As mentioned in the Experimental section, we have a
thermal population of the spin–orbit states of Ar1. In
contrast, the FDT data refer only to the Ar1(2P3/2) state.
At 1500 K, about 14% of the Ar1 population is in the
2P1/2 excited state. To estimate the effect of the excited
spin state on our data, we have to know the rate
constants for the excited state of Ar1 reacting with CO2.
There are two values in the literature for this rate
constant. Rakshit and Warneck [10] report a value of
7.5 3 10211 cm3 s21, Flesch and Ng [15] report that the
rate of the excited state reaction is 0.6 times that of the
ground state in the low energy regime, a value consid-
erably larger than the Rakshit and Warneck data [10].
Lindinger et al. [24] have pointed out that the effects
seen by Rakshit and Warneck are probably because of
end effects in their short (1.5 cm) drift tube. Based on
this information, we have decided to adopt the value
given by Flesch and Ng [15]. Consequently, we correct
our data to obtain the rate constants for reaction from
Ar1(2P3/2), which are shown in Figure 2 as Ar
1(3/2
only). As can be seen, this correction is small and does
not account for the difference between the HTFA and
FDT sets of data.
Previously, we have made comparisons of the effects
of different types of energy on reactivity for a large
number of systems [6, 21–23]. We found that in almost
all cases rotational and translational energies have
similar effects on the rates of ion molecule reactions [6,
21–23]. Therefore, the present equivalency of rotational
and translational energy is not unexpected. However,
the effect of vibrational energy on reactivity has been
less predictable. Often vibrational energy has a positive,
sometimes large, effect on reactivity. For a number of
reactions, vibrational excitation has little or no effect on
reactivity. Occasionally, vibrations have been found to
have a negative effect on reactivity. Examples of the
latter case are the SN2 reactions of Cl
2 with CH2ClCN
[25] and F2 with CF3Br and CF3I [26]. In these instances,
the reactions were found to depend on total energy;
vibrational energy behaves like rotational and transla-
tional energy. The implication is that the reaction pro-
ceeds through a long lived complex and the reactions
behave statistically. These reactions had a small associ-
ation channel, which shows that the complexes have a
relatively long lifetime that allows sufficient time for
energy randomization to occur [27, 28]. The present
system also seems to show this behavior up to a total
energy of 0.4 eV, although the presence of a long lived
complex cannot be inferred from the existence of a
stabilized complex because none has been observed.
Nevertheless, the idea that the (ArCO2)
1 complex is
long lived is supported by the data of Illies et al. [29].
They have done a series of experiments where they
photodissociate CO2
1 z Ar, and have measured both the
branching fractions into Ar1 and CO2
1 product ions and
the time of flight spectrum for each species as a function
of laser wavelength. Measurements of the CO2
1 angular
distribution asymmetry parameter b indicate that the
complex lives for at least a couple of rotational periods
[29]. The activated complexes involved in both the
charge transfer reaction and the photodissociation ex-
periment should be similar and may yield insight into
the present data. The initial CO2
1 z Ar complex in the
photodissociation experiment is thought to be inter-
nally excited, but the degree of excitation is unknown.
We do the following to include their data points in
Figure 2: the fraction of CO2
1 formed is essentially the
reaction efficiency and is converted to a rate constant by
multiplying by the collision rate constant (8.3 3 10210
Figure 2. Rate constants for the reaction of Ar1 with CO2 as a
function of total energy. The NOAA (KE) data are from the flow
drift tube experiments of Dotan and Lindinger [12]. The hn data
are from Illies et al. [29]. The Ar1 (3/2 only) results refer to the rate
constants for the Ar1(2P3/2) state only as explained in the text.
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cm3 s21). In order to put both sets of data on the same
energy scale, we subtract the exothermicity of reaction 1
(1.98 eV) and the bond energy of the CO2
1 z Ar complex
(0.26 eV) from the photon energy. The wide spread in
the energy scale reflects the unknown internal energy
distribution, which we assume to range from no initial
internal energy up to the bond dissociation energy. The
results are shown in Figure 2 as bars labeled hn.
The photodissociation data give rate constants that
decrease rapidly with laser energy in qualitative agree-
ment with the pure temperature data. However, the
rate constants deduced from the photodissociation ex-
periment are lower than a reasonable extrapolation
from the HTFA data. Indeed, the two methods are very
different. The pure temperature dependent measure-
ment includes a large amount of rotational and trans-
lational energy that is absent in the photodissociation
experiment. The photodissociation experiment pro-
duces mainly vibrational excitation, which has already
been shown by the comparison between the FDT and
HTFA data to decrease the rate constants in the high
energy range. Also, the large translational energy of a
collision in the flow tube is converted to orbital angular
momentum in the collision complex. This conversion is
absent in the photodissociation experiment. Conserva-
tion of momentum and angular momentum put consid-
erably different constraints on the system.
The difference between the FDT data and the HTFA
data at high energy may be due to several effects. One
possibility is that the collision rate is different in the two
situations. The maximum capture cross section de-
creases with increasing energy so that eventually it is
less than the hard sphere cross section. In order to check
this effect, we assume that the total collision rate
constant equals the sum of the contributions from the
Langevin and hard sphere collision rate constants,
given by kL and kHS, respectively. Integrating kL over a
Maxwell–Boltzmann velocity distribution from 0 up to
the velocity vmax achieved when the maximum impact
parameter for capture equals the mean hard sphere
diameter gives the former’s contribution. Similar inte-
gration of the kHS from vmax to infinity provides the
latter’s contribution. We have subsequently found that
the correction is only on the order of 1% or less at the
energies of interest. Another possibility refers to the
bond strength of the activated complex. The energy
where the data sets deviate is approximately where the
vibrational energy in CO2 equals the bond strength of
the complex. The data may indicate that the lifetime of
the complex is more effected by vibrational energy in
this regime. As noted above, this would be consistent
with the photodissociation experiment where a large
fraction of the available energy is partitioned into
internal energy.
Ar1 1 SO2
The rate constants for the reaction between Ar1 and SO2
have also been measured as a function of temperature
between 300 and 1500 K and the present results are
shown in Figure 3, again labeled as HTFA. In the same
figure, we plot the energy dependence of this reaction
as measured in a FDT at NOAA by Dotan et al. [17],
which is labeled as NOAA (KE). There is a good
agreement between the two sets of data up to 1000 K.
Above this temperature, the temperature dependent
rate constants start to increase with increasing energy,
whereas the NOAA rate constants continue to decrease
with increasing kinetic energy and start increasing only
at a much higher effective temperature.
As discussed above, we have found for many reac-
tions that translational and rotational energies effect the
rate of ion molecule reaction in a similar way [6, 21–23].
We therefore replot the data as a function of the sum of
the average rotational and translational energy in Fig-
ure 4. The two data sets separate when plotted this way.
We attribute the difference to the excess vibrational
energy in the variable temperature system (HTFA)
relative to the translationally excited system (FDT). The
coincidence between the two data sets at low tempera-
ture in Figure 3 is a fortuitous cancellation of a negative
rotational energy effect and a positive vibrational en-
ergy effect. The negative rotational energy effect is
assumed to be equivalent to the negative translational
energy effect found in the drift tube [17].
In order to facilitate the derivation of vibrational
energy effects, the two sets of data were fit to the
following expression:
k 5 A1~0.06/E!
n 1 A2 exp~2Ea/E! (3)
where A1, A2, n, and Ea are adjustable constants and E
is the sum of the average rotational and translational
energy. The results of these fits are shown in Figure 4 as
solid lines and the parameters are listed in Table 1 and
as can be seen are good representations of the data.
From the two fits and the SO2 vibrational level popu-
lations, it is possible to derive the rate constants for
Figure 3. Rate constants for the reaction of Ar1 with SO2 as a
function of temperature. The NOAA (KE) data are taken from the
flow drift tube data of Dotan et al. [17].
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individual vibrational states of SO2. The rate constant at
a given total translational and rotational energy E can
be written as
k~E! 5 O kv z popv (4)
where popv is the statistical population of the v vibra-
tional level and kv is the rate constant for that level at
energy E, summed over all vibrational levels. SO2 has a
slight amount of vibrational excitation even at room
temperature. When we consider this fact and assume
that all vibrationally excited SO2 reacts at the same rate,
we can calculate the rate constants for SO2 (v 5 0) and
for SO2 (v . 0). We only do this for temperatures up to
1000 K and the presence of Ar1(2P1/2) can be neglected.
Above this temperature, the assumption of a two level
system is no longer a reasonable approximation. The
results are shown in Figure 4 as broken lines. The
ground state rate constant is about 10% lower than the
drift tube data. Rate constants of the vibrationally
excited levels of SO2 are larger than the ground state
ones by about a factor of 2. Both rate constants decrease
with increasing energy at about the same rate. There-
fore, the separation of the drift tube and temperature
data before the minimum appears to be only because of
the increase in the amount of vibrationally excited SO2
present with increasing temperature. The more rapid
rise observed at higher temperatures indicates that
higher vibrational levels increase the rate constants
more effectively than lower vibrational states.
Dotan et al. [17] have found that at high energy the
major product of reaction 2 is the endothermic disso-
ciative charge transfer channel 2b that produces SO1.
They postulate that the onset of this channel is respon-
sible for the rise in the drift tube data at higher energies.
Unfortunately, in our system we could not measure the
branching ratio of reaction 2 because we cannot obtain
a situation where we have Ar1 as the primary ion
without He1 ions also being present in the flowing
afterglow. When we fit our data and the FDT data, both
sets give an activation energy of over 1 eV, although the
error is large for the temperature data. The activation
energies are considerably higher than the endothermic-
ity to produce SO1 (0.24 eV). However, the activation
energies are approximately equal to the energy required
to form the 2B1 state of SO2
1 at 16.674 eV. This state
exclusively falls apart to SO1 [30, 31], consistent with
the drift tube data that indicates that the upturn in the
rate constants coincides with SO1 production [17]. The
potential energy surfaces also show barriers consistent
with the present situation [30, 31]. Therefore, the upturn
in the HTFA data at high temperatures may also result
from accessing the dissociative charge transfer channel
2b.
Conclusions
We have measured the rate constants for the reactions
of Ar1 with CO2 and SO2 as a function of temperature
up to 1500 K. Both reactions occur by charge transfer,
the latter including a dissociative charge transfer chan-
nel at high energy/temperature. In the reaction with
CO2, all types of energy behave similarly until fairly
high temperatures when internal energy causes the rate
constants to decrease faster than does translational
energy. The explanation is unclear but is supported by
photodissociation experiments for which almost all the
energy is internal and the branching into CO2
1 is con-
siderably lower than either of the kinetics experiments.
The SO2 reaction, on the other hand, is considerably
different. For that reaction, vibrational excitation causes
the rate constant to increase by a factor of just over 2
from the ground state rate constant. At higher temper-
atures, the reaction to produce SO1 causes an upturn in
the reactivity.
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